Generation of epithelial cells with altered NF-κB function. Normal keratinocytes were transduced with retroviral expression vector for (a) lacZ normal control, (b) constitutively active p50, and (c) the trans-dominant IκBαM super-repressor, then subjected to immunofluorescence staining with antibody to p50 (bars = 5 µm). Note marked nuclear expression in p50-transduced cells and blockade of nuclear-localized p50 in IκBαM.
Introduction
Specialized forms of programmed cell death occur in terminally differentiating tissues with a capacity for continuous self-renewal, including the outer layers of stratified epithelium (1, 2) . Tissue homeostasis in this setting is dependent on a balance between proliferation and programmed cell death. Apoptosis in many settings involves distinctive ultrastructural and molecular alterations including chromatin condensation, DNA fragmentation, membrane blebbing, cellular shrinkage and collapse (3) . Some of these features are lacking in terminal differentiation-associated cell death in stratified epithelium. In the case of epidermis, cells at the junction of the granular and cornified layers change abruptly from metabolically active cells to the nonviable cells lacking nuclei or cellular organelles that form the stratum corneum (4) . Cells undergoing this physiologic programmed cell death lack the pyknotic nuclei, cell shrinkage and collapse seen in epidermal apoptosis after certain stimuli, such as ultraviolet radiation (4, 5) . The mechanisms regulating terminal differentiation-associated epidermal cell death are not well understood.
The NF-κB family of gene regulatory proteins can profoundly influence induction of cell death (6) . NF-κB opposes death in number of settings (6) (7) (8) (9) (10) , through induction of a number of antiapoptotic factors, including TRAF1, TRAF2, c-IAP1, c-IAP2 (11), IEX-1L (12) , and XIAP (13, 14) . Its role, however, may differ in different cell types and cell commitment steps, as in such settings as lymphoid development (15) , reactive oxygen species-triggered apoptosis in T cells (16) , and in cerebral ischemia (17) , where NF-κB promotes cell death. In addition, NF-κB has been implicated as an important component in malignant progression characterized by a resistance to apoptosis (18, 19) , and NF-κB inhibition is considered a promising potential tumor therapy (20) . Thus, NF-κB can play a decisive role in cell fate by either opposing or promoting cell death in different settings; however, the role of NF-κB in epithelial tissues is not well established.
Recently, NF-κB subunits have been shown to translocate from the cytoplasm to the nucleus in cells within the differentiating suprabasal layers of stratified epithelium (21) , raising the possibility that NF-κB may either positively or negatively regulate terminal differentiation-associated cell death. In support of this possibility, disruption of normal components involved in NF-κB activation by targeted mutation of the IκB kinase 1 (IKK1) gene (22) (23) (24) is associated with evidence of abnormally distributed epidermal cell death in one study at embryonic day 19 (23) . To further study this possibility, we studied the impact of altering NF-Specialized forms of physiologic cell death lacking certain characteristic morphologic features of apoptosis occur in terminally differentiating tissues, such as in the outer cell layers of epidermis. In these cell layers, NF-κB translocates from the cytoplasm to the nucleus and induces target gene expression. In light of its potent role in regulating apoptotic cell death in other tissues, NF-κB activation in these cells suggests that this transcription factor regulates cell death during terminal differentiation. Here, we show that NF-κB protects normal epithelial cells from apoptosis induced by both TNFα and Fas, whereas NF-κB blockade enhances susceptibility to death via both pathways. Expression of IκBαM under control of keratin promoter in transgenic mice caused a blockade of NF-κB function in the epidermis and provoked premature spontaneous cell death with apoptotic features. In normal tissue, expression of the known NF-κB-regulated antiapoptotic factors, TRAF1, TRAF2, c-IAP1, and c-IAP2, is most pronounced in outer epidermis. In transgenic mice, NF-κB blockade suppressed this expression, whereas NF-κB activation augmented it, consistent with regulation of cell death by these NF-κB effector proteins. These data identify a new role for NF-κB in preventing premature apoptosis in cells committed to undergoing physiologic cell death and indicate that, in stratified epithelium, such cell death normally proceeds via a distinct pathway that is resistant to NF-κB and its antiapoptotic target effector genes.
κB function on epithelial cell death in vitro and in vivo.
Here we show that NF-κB strongly inhibits epithelial cell death and that premature apoptotic cell death occurs in the absence of normal NF-κB function in stratified epithelium. These data identify a role for NF-κB in the prevention of premature apoptosis in cells committed to terminal epithelial differentiation and indicate that physiologic cell death in stratified epithelium occurs via a pathway resistant to NF-κB and its effectors TRAF1, TRAF2, c-IAP1, and c-IAP2.
Methods
Cell death analysis. For terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay, cells were grown on glass slides, treated with TNFα (30 ng/mL) or CH-11. After different time points and cytospinning, cells were subjected to TUNEL assay (Apoptag; Oncor Inc., Gaithersburg, Maryland, USA) following the manufacturer's protocol. Tissue cryosections were prepared and also subjected to TUNEL assay. Briefly, slides were fixed in 4% formalin for 10 minutes at room temperature, treated with 2% hydrogen peroxide in PBS for 5 minutes, and washed with PBS. Digoxigenin-labeled nucleotides were incubated with terminal deoxyribonucleotidyl transferase for 1 hour at 37°C, viewed by using a peroxidase-anti-digoxigenin antibody, counterstained with methyl green, and mounted with xylene. For analysis of nuclear morphology, propidium iodide staining was performed. After cytospin, cells were fixed with acetone, washed in PBS, and stained with propidium iodide (50 ng/mL) for 15 seconds, followed by a 30-minute wash in PBS, and mounted with VECTASHIELD (Vector Laboratories, Burlingame, California, USA).
Cell culture, vectors, and gene transfer. Human keratinocytes were isolated from normal human skin biopsies and grown in a 1:1 mixture of SFM (GIBCO-BRL, Grand Island, New York, USA) and Medium 154 (Cascade Biologics, Portland, Oregon, USA) as described (25) . The cDNA sequences for the coding regions of human p50 (amino acids 1-502, XbaI truncation) (26) , p65 (27) , and the dominant-negative mutants IκBαM (10) and ∆SP (28) were expressed through the retroviral expression vector LZRS (21, 29) . Vector production and keratinocyte gene transfer was performed as described previously (30, 31) . For the cell death analysis above, 3 independent transductions were analyzed at each time point with data presented as SD between these 3 independent experiments; P values were calculated using the Student's t test.
Production of transgenic epithelial tissues. Mice transgenic for sequences encoding the IκBαM mutant and constitutively active p50 and p65 expressed through the 2075-bp human keratin 14 promoter were generated as described previously (21) .
Analysis of gene expression. At 6, 12, and 18 hours after retroviral transduction with vectors expressing p50/p65, IκBαM, and lacZ control, primary human skin epithelial cells were harvested and mRNA was prepared. RNase protection was performed for a panel of antiapoptotic genes (hAPO5 apoptosis reagent panel; PharMingen, San Diego, California, USA) and confirmatory Northern blotting was performed using probes for c-IAP1, c-IAP2, XIAP, TRAF1, TRAF2, IEX-1L, survivin, as well as β-actin control. Immunohistochemical analysis was performed as described previously (21) on skin cryosections from IκBαM[+] transgenic and control mice using antibodies to c-IAP1, c-IAP2, TRAF1, and TRAF2 (Santa Cruz Biotechnology, Santa Cruz, California, USA).
Results

NF-κB subunits protects epithelial cells against Fas and TNFα-induced death in vitro.
It has been shown previously in lymphoid cells that NF-κB can oppose cell death triggered by Fas and TNFα (32) . To study the function of NF-κB subunits in epithelial cell death, normal human keratinocytes were transduced with retroviral expression vectors for active NF-κB subunits p50 and p65 as well as the trans-dominant IκBαM super-repressor that blocks function of all 5 mammalian NF-κB subunits (10) . Transductions were performed using high-titer vector preparations in an approach shown to consistently yield a transduction efficiency of more than 95% (30) . Whereas control cells display only moderate levels of diffuse expression, NF-κB subunit-expressing cells show marked expression of nuclear localized protein; as anticipated, the IκBαM super-repressor retains NF-κB subunits predominantly in the cytoplasm ( Figure 1 and data not shown). NF-κB subunit-expressing cells appear larger and differ morphologically from controls. This is a consistent finding that develops 48 hours after gene transfer and is dependent on intact NF-κB subunit transcription activation domains in that these changes are not observed with transcriptionally inactive mutants; the basis for this effect is unclear. This approach, however, has been shown previously to produce the predicted respective induction or blockade of NF-κB-driven gene expression in epithelial cells, both in the case of p50 and p65 alone as well as both subunits together (21) and provides a basis for determining the effects altering NF-κB function on apoptosis in this setting.
Fas is expressed in epithelial cells and is implicated as a potentially important mediator of epithelial cell death in settings of inflammation (33) (34) (35) and ultraviolet injury (5, 36) . Cotransduction with vectors altering NF-κB function and a retroviral vector for human Fas/CD95 was used to study NF-κB effects on Fas-triggered apoptosis in epithelial cells. Fas activation in normal control and in IκBαM[+] cells leads to rapid cellular rounding, shrinkage, and detachment in the majority of cells; however, these changes are not seen in NF-κB subunit-expressing cells (Figure 2 , a-c and f). These morphologic changes are consistent with apoptosis, a possibility supported by detection of DNA strand breakage using TUNEL assay and characteristic nuclear morphologic condensation and collapse in these cells (Figure 2, d and e) .
TNFα is another known trigger of apoptosis in many tissues that also impacts NF-κB function. TNFα activation of NF-κB through the TNF receptor TNFR1 opposes TNFα-induced apoptosis in a number of cell types in a process dependent on TRAF2 (8, 37) . Whereas TNFα failed to alter normal keratinocytes or those expressing active NF-κB subunits, NF-κB blockade renders these cells very susceptible to TNFα-induced apoptosis ( Figure 3, a-d) , suggesting an analogous role for NF-κB in preventing apoptosis in epithelial cells.
Blockade of NF-κB function leads to premature epidermal cell apoptosis in vivo. Normal stratified epithelium maintains a balance between cellular proliferation and a specialized form of programmed cell death confined to the outer differentiated cell layer at the stratum granulosum-stratum corneum interface (4). This terminal differentiation-associated cell death is not accompanied by classic cell morphologic features of apoptosis such as cell shrinkage and collapse, membrane blebbing, and nuclear condensation seen in other cell death settings in epithelium such as infection and ultraviolet injury (38) . NF-κB translocates into nuclei of cells within outer layers of stratified epithelium (21) , and this translocation is accompanied by NF-κB target gene activation (K. Hinata et al., manuscript in preparation) as seen in multiple lines of transgenic mice generated previously, in which the lacZ transgene is under control of several different types of NF-κB-responsive promoters (39) . To examine a role for NF-κB in regulation of cell death within stratified epithelium, we used transgenic mice with blocked epidermal NF-κB function through keratin promoter-driven expression of IκBαM (21 normal littermates (Figure 4, a-f, and data not shown) . In addition to differing from normal epidermal programmed cell death by displaying morphologic features of cellular collapse and nuclear condensation, this cell death is no longer confined to the outer epidermis but can be seen early in the outward migration process as the lower spinous layers (Figure 4c ), suggesting that NF-κB may prevent a default apoptotic pathway in epithelial cells preparing to undergo more specialized forms of programmed cell death.
Expression of the terminal differentiation marker loricrin is not inhibited by NF-κB blockade in vivo.
Cells undergoing programmed cell death in stratified epithelium are normally going through the final phases of terminal differentiation, and there is some evidence suggesting that these processes may be linked in fetal keratinocytes (40) . NF-κB blockade in transgenic epidermis has been shown previously, however, to fail to block induction of the differentiation genes keratin 10, involucrin, transglutaminase 1, and filaggrin (21) . Loricrin is another terminal differentiation gene expressed at particularly high levels in the outermost cells of epidermis (41), and we examined loricrin expression in IκBαM[+] transgenic mice. Loricrin protein is present in IκBαM[+] skin at comparable levels in the correct outer epithelial layers, suggesting that induction of terminal differentiation genes and NF-κB regulation of cell death are not obligately linked in stratified epithelium (Figure 4, g and h) .
NF-κB effects on expression of genes that inhibit apoptosis. NF-κB can oppose cell death by induction of a number of antiapoptotic genes, including members of the inhibitors of apoptosis (IAP) family, which appear to prevent apoptosis by direct inhibition of specific caspases (42, 43) . To study NF-κB regulation of known antiapoptotic genes in epithelial cells, ribonuclease protection analysis was performed on normal epithelial cell populations in vitro with both activated and blocked NF-κB function using probes for an array of antiapoptotic genes. Active NF-κB subunits induced TRAF1 and, more modestly, c-IAP1 (Figure 5a ). These findings suggest a role for NF-κB regulation of these antiapoptotic genes in epithelial cells. NF-κB did not globally induce expression of other antiapoptotic genes, however, as seen in the case of XIAP, IEX-1L, and survivin ( Figure 5 , a and b). Because TRAF1, TRAF2, c-IAP1, and c-IAP2 have been shown to act in concert downstream of NF-κB in preventing cell death (11), we examined TRAF1, TRAF2, c-IAP1, and c-IAP2 protein expression in epidermis as a function of NF-κB activity. Normal controls display strong expression of these genes in a pattern striking for its localization to the outer epidermal cell layers ( Figure 6 ). In contrast, decreased expression in each of these antiapoptotic proteins is seen to differing degrees within epidermis in the setting of NF-κB blockade ( Figure 6 ). Consistent with NF-κB regulation of these proteins in vivo, expression of transcriptionally active NF-κB in transgenic mice, by an approach we have shown leads to active nuclear NF-κB subunits in all epidermal cell layers (21), augments TRAF1, TRAF2, c-IAP1, and c-IAP2 protein expression throughout epidermis ( Figure 6 ). Of these proteins, c-IAP2 expression appears to be the least affected by alterations in NF-κB function in vivo ( Figure 6 ).
Discussion
Here we have shown that NF-κB function is necessary for normal spatial control of cell death in epidermis. Previous work had demonstrated a role for NF-κB subunits in the regulation of cell death in many cell types (6) . Whereas the predominant effect of NF-κB in many tissue settings is to oppose apoptosis, NF-κB can promote cell death in some settings (15) (16) (17) . The role for NF-κB in regulating cell death within epidermis was previously uncharacterized, although previous studies had demonstrated a protective role for NF-κB subunits against TRAIL-induced apoptosis in transformed keratinocytes in tissue culture (44) . In addition, IKK1 knock-out mice (IKK1 -/-) (22-24) display some abnormalities in epidermal homeostasis that may involve cell death. When examined at a single time point during development at embryonic day 19, IKK1 -/-mice display a compacted distribution of TUNEL-positive keratinocytes in the outer
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The The percentage of apoptotic cells was determined by cell morphology, TUNEL, and nuclear stains. Time points analyzed were 0, 7, and 18 hours after addition of TNFα. Three independent transductions were analyzed at each time point; data shown are based on morphologic changes and are presented as ± SD between these 3 independent experiments. *P < 0.01 difference of IκBαM from p50 and controls.
layers of epidermis (23) . In addition, NF-κB blockade has been shown recently to increase epidermal sensitivity to ultraviolet radiation injuryinduced apoptosis (45) . To our knowledge, a role for NF-κB in regulating localization and features of cell death in uninjured, developmentally mature self-renewing epidermis, however, has not been described previously. Our data suggest that TRAF1, TRAF2, c-IAP1, and c-IAP2, but not XIAP, IEX-1L, or survivin, are subject to some form of NF-κB regulation in epithelial cells and thus represent potential effectors of NF-κB's newly identified antiapoptotic role in normal epidermis. Interestingly, NF-κB-induced changes in the magnitude of gene expression in cells grown in culture did not correlate in all cases with our observations in vivo, raising the possibility of more complex mechanisms of NF-κB regulation of these genes in this tissue setting. In lymphoid and other nonepithelial cell types, NF-κB has been shown to induce a number of genes that function to oppose cell death (46, 47) , including TRAF1, TRAF2, c-IAP1, c-IAP2 (11, 48) , IEX-1L (12), XIAP (13, 14) , and A1/Bfl-1 (49, 50) . IAP family proteins, including c-IAP1, c-IAP2, XIAP, and survivin (51, 52) contain a 70-amino acid domain called the baculoviral IAP repeat (BIR) domain, which is required for suppression of apoptosis and may be involved in direct binding to caspases (42, 43) . NF-κB function appears necessary for normal expression of many such antiapoptotic genes. A combinatorial involvement of NF-κB-triggered genes opposing apoptosis has been demonstrated in the case of c-IAP1, c-IAP2, TRAF1, and TRAF2 where all 4 gene products are necessary for full effects (11) . Based on these data, it is logical to suggest that multiple genes may mediate NF-κB-s antiapoptotic effects in epithelium. Consistent with this, our findings indicate that NF-κB function is required for appropriate expression of c-IAP1, c-IAP2, TRAF1, and TRAF2 in vivo. Consistent with our finding that c-IAP2 protein expression in vivo is not strongly repressed by NF-κB blockade, c-IAP2 protein is also not strongly induced by NF-kB subunits either, suggesting that NF-κB regulation of c-IAP2 protein expression may be less potent in vivo than that seen for TRAF1, TRAF2, and c-IAP1. Interestingly, the normal expression of these proteins is most pronounced in the outer layers of epidermis, the spatial setting in which cells approach induction of physiologic cell death and in which abnormal apoptosis occurs in transgenic mice whose epidermal NF-κB function is blocked. This suggests that active opposition of apoptosis may be important in this setting to prevent premature and abnormal cell death in cells committed to terminal differentiation. How such NF-κB regulated antiapoptotic genes interact with the normal induction of the specialized form of physiologic cell death that occurs in outer epidermis is currently unknown. Surprisingly little is known about the signals governing cell death in outer layers of stratified epithelium. What are the likely triggers of this process? Whereas bcl-2 family genes may influence epithelial apoptosis in response to stress, they do not seem to impact physiologic epidermal cell death (53) . TNFR family signal transduction remains a possibility; however, epithelia of TNFR1 -/-(54) as well as Fas/CD95-deficient mice (55) do not display dramatic abnormalities in differentiationassociated cell death. Evidence in fetal epithelial cells suggests that apoptosis may be a default pathway taken in the absence of normal keratinocyte differentiation (40) . However, regulation of cell death during development is complex (3) and, based on the present data and previous studies that examined normal and immortalized epithelial cells in vitro (56) and in human diseased tissue sections (57, 58) , it appears clear that terminal differentiation can occur without strict linkage to normal programmed cell death. The origin of the cell death signal in stratified epithelium and the pathway by which it proceeds remain open questions for further studies.
Traditionally associated with cutaneous inflammation and cellular injury, NF-κB has recently also been identified as a potent negative growth regulator in epithelial cells (21) . NF-κB regulation of cell death within a continuously self-renewing tissue identified here further expands its role in cell death control and tissue homeostasis. Although NF-κB appears necessary to inhibit premature and abnormal epidermal cell death, the role of NF-κB subunits in the physiologic epidermal cell death that lacks many classical morphologic features of apoptosis is unclear. Of interest, our data suggest that physiologic epidermal cell death proceeds via a distinct pathway that is resistant to NF-κB and its effectors c-IAP1, c-IAP2, TRAF1, and TRAF2. This possibility is supported by the fact that this death occurs in outer epithelial cell layers that display nuclear-localized NF-κB subunits (21) along with evidence of NF-κB target gene activation (K. Hinata et al., manuscript in preparation) and strong expression of c-IAP1, c-IAP2, TRAF1, and TRAF2 protein. Furthermore, overexpression of active NF-κB subunits p50 and p65 in transgenic epidermis fails to disrupt physiologic epidermal cell death as measured by changes in the number of cells undergoing cell death in the granular layer per unit surface area (ref. 21 and data not shown). Consistent with this, targeted disruption of the IκBα gene, although associated with cutaneous inflammation that may stem from induction of cytokine genes by constitutive NF-κB activation, fails to demonstrate striking abnormalities in epidermal cell death (59) . This finding, taken with the current results, suggests that endogenous NF-κB subunits may not have a direct role in triggering physiologic cell death but only in preventing premature apoptosis. Such a possibility would suggest that NF-κB's main role would be to simply promote keratinocyte viability during the process of outward migration and terminal differentiation until entry into the specialized epidermal cell death pathway occurs through other mechanisms. Implicit in such a model is the existence of a previously unappreciated default apoptotic pathway in committed epithelial cells and the fact that NF-κB function is necessary to prevent its operation. We have demonstrated previously a low basal level of NF-κB-dependent transcription in unstimulated epithelial cells (21) . We believe that endogenous NF-κB promotes some degree of transcription of its antiapoptotic targets that can be inhibited by NF-κB blockade, as we report here in connection with TNFα in vitro. Combined with the recent identification of a requirement for NF-κB function in the negative growth regulation of the proliferative cells of the basal epidermal layer, this new role for NF-κB in cell death regulation positions it as an important regulator of homeostasis in stratified epithelium.
